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ABSTRACT Alu repeats are interspersed repetitive DNA
elements specific to primates that are present in 500,000 to 1
million copies. We show here that an Alu sequence encodes
functional binding sites for retinoic acid receptors, which are
members of the nuclear receptor family of transcription
factors. The consensus sequences for the evolutionarily recent
Alu subclasses contain three hexamer half sites, related to the
consensus AGGTCA, arranged as direct repeats with a spac-
ing of 2 bp, which is consistent with the binding specificities
of retinoic acid receptors. An analysis was made of the DNA
binding and transactivation potential of these sites from an
Ala sequence that has been previously implicated in the
regulation of the keratin K18 gene. TheseAlu double half sites
are shown to bind bacterially synthesized retinoic acid recep-
tors as assayed by electrophoretic mobility shift assays. These
sites are further shown to function as a retinoic acid response
element in transiently transfected CV-1 cells, increasing tran-
scription of a reporter gene by a factor of -35-fold. This
transactivation requires cotransfection with vectors express-
ing retinoic acid receptors, as well as the presence of all-trans-
retinoic acid, which is consistent with the known function of
retinoic acid receptors as ligand-inducible transcription fac-
tors. The random insertion of potentially thousands of Alu
repeats containing retinoic acid response elements through-
out the primate genome is likely to have altered the expression
of numerous genes, thereby contributing to evolutionary
potential.

The genomes of most higher eukaryotes contain repetitive
DNA elements derived from genes transcribed by RNA poly-
merase (pol) III (1, 2). These interspersed repetitive sequences
were initially proposed to represent regulatory networks,
allowing the coordinate expression of multiple, unlinked genes
(3). Further analysis indicated considerable interspecies vari-
ation in these DNA sequences and in their sites of insertions,
which argued against a fundamental role in gene regulation
and gave rise to the concept that interspersed repetitive
sequences are selfish DNA with no function or selective
advantage to the organism (4). In support of a regulatory
function, recent findings indicate that certain of the primate-
specificAlu repeats are involved in tissue-specific regulation of
nearby genes (5-7).
Alu elements are functional pol III genes with internalA and

B box promoter elements and are probably derived from 7SL
genes. The Alu sequences have been amplified and reinserted
throughout the genome by a retroposition process involving a
RNA intermediate. A few highly conserved source genes
produce the transcripts, which serve as intermediates for
retroposon formation (8). During the preceding 30-60 million
years of primate evolution, a succession of source genes has
given rise to extensiveAlu subfamilies whose members share a
few common diagnostic base changes, indicative of mutations
in the parental source gene (8-12). Except for these few base

changes, most of the source gene sequence has been conserved
throughout this period. An analysis of the known Alu se-
quences indicates that mutations have been strongly sup-.
pressed at a number of positions, implying that Alu sequences
have sequence-dependent functions important for primate
evolution (13). One postulated function is that these inserts
influence the expression of nearby genes (3). In support of this
concept, the data presented here indicate that the consensus
sequences of evolutionarily recent Alu subfamilies contain
binding sites for retinoic acid receptors (RARs), transcrip-
tional regulators that are present in most cell types and play
important roles in development and cell growth (14-16).

MATERIALS AND METHODS
The DNA sequence preceding the keratin K18 gene, including
the proximal Alu element, has been reported (ref. 7 and
references therein). Plasmid constructions are detailed in the
figure legends. The procedures used for CV-1 cell culture,
transfection assays, and gel shift assays have also been de-
scribed (7, 17-19) and are detailed in the figure legends.

RESULTS AND DISCUSSION
Alu Sequences Contain Consensus Hormone Response El-

ements (HREs). This study began as an investigation into the
role of an upstreamAlu element in the regulation of the human
keratin K18 gene. This Alu confers copy number-dependent
expression to the K18 gene in transgenic mice, suggesting that
it insulates the associated gene from negative effects of
sequences surrounding random insertion sites (7). This ele-
ment is also coincident with a DNase I hypersensitive site,
which correlates with K18 transcriptional activity (20). We
examined the K18-associated Alu element for possible regu-
latory sites and found several potential binding sites for RARs
(Fig. 1A). Since the mouse K18 homolog is retinoic acid (RA)
inducible in embryonal carcinoma cells (23), as is the human
K18 gene (data not shown), this suggested the Alu element
might be involved in this regulation.
RARs are members of the nuclear receptor superfamily of

ligand-activated transcription factors, which also includes re-
ceptors for steroid hormones, thyroid hormone, glucocorti-
coids, and vitamin D (14-16). There are three forms of RARs
(RARa, -4, -y) and three forms of retinoid X receptors
(RXRa, -3, -y). These receptors bind most typically as RAR-
RXR heterodimers to two adjacent HREs consisting of vari-
ants of the consensus sequence AGGTCA. The consensus
HRE sequence shown in Fig. 1A was deduced from a com-
pilation of naturally occurring and experimentally derived
recognition sequences (14, 21). Many naturally occurring
HREs deviate at one or more positions from this motif
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RAR, retinoic acid receptor; RXR, retinoid X receptors.
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FIG. 1. Alu elements contain several consensus HREs. (A) A
schematic representation of an Alu gene (-281 bp) indicates the
relative positions of the A and B box pol III promoter elements and
the several potential HREs present in the K18-associated Alu se-

quence. The K18-associatedAlu sequence including the several HREs
(arrows) is shown below. The fourth HRE overlaps with the B box
promoter element (boxed). The HREs are arranged as a 2-bp spacing
(DR2). The HRE consensus sequence is derived in part from site-
selection gel shift assays (21). (B) Acquisition of HREs during
evolution ofAlu elements from 7SL genes. The sequences of the HRE
region of several Alu subfamilies are shown along with the corre-
sponding'region of two 7SL genes, 7SL 30.1 and 7SLla (base differ-
ences shown) (22). The Alu subfamily consensus sequence for class I
(also known as J) is from ref. 11. The consensus sequences for classes
II, III, and IV are from ref. 9. Estimated copy numbers for the different
subclasses are from ref. 9 and are relative numbers, based on an

arbitrary estimate of 750,000 total copies, which is an average of
estimates ranging between 500,000 and 1 million. The estimated times
of insertions are from ref. 9. The class I consensus is representative of
evolutionarily early insertion events (127,000 copies), occurring be-
tween 41 and 56 million years ago. The class II consensus represents
the majority of inserts with 437,000 copies, inserted 32-57 million years
ago. The more recent classes III and IV represent 136,000 copies,
inserted 30-40 million years ago. The arrows indicate potential HRE
sequences that match the consensus or have one nonconsensus ade-
nine at position three (dot). Residues that fit the HRE consensus are

indicated by uppercase letters. Interestingly, the Alu B box is a

significantly better match for the B box consensus than is the 7SL B
box (22).

(14-16). The spacing and orientation of the two half sites is the
primary determinant of which nuclear receptor binds to a

particular site. RXR also forms heterodimers with thyroid
hormone receptor and vitamin D3 receptor, recognizing direct
repeats spaced at 4 or 3 bp, respectively (15, 21), whereas
RAR-RXR heterodimers recognize direct repeats separated
by either 2 or 5 bp (14-16). The several K18-associated Alu
HREs are arranged as direct repeats with a spacing of 2 bp
(DR2) (Fig. 1A), which is consistent with binding by RARs.
Comparison of Alu consensus sequences with the parental

7SL sequences indicates an evolutionary trend toward the
acquisition of multiple Alu HREs. The K18-associated Alu is
of the evolutionarily more recent subfamilies (class III and IV)
and has four HRE motifs, designated HRE 1-4 in Fig. 1B. The
analogous regions of two 7SL genes contain HRE 1 and HRE
2 (7SL30.1) or only HRE 2 (7SL1A) (22), and the HRE 34 pair
is a lesser match for the consensus. The Alu sequences have
been subdivided into classes I-IV (9, 11), reflecting the
amount of time elapsed since insertion into the genome, with
class I being the oldestAlu elements. The consensus sequences

(shown in Fig. 1B) are made up of those residues that appear
most frequently at each position for members of that class and
are thus thought to represent the sequence at the time of
insertion and therefore the probable sequence of the parental
source genes. Class I, the oldest subfamily, is most similar to
the 7SL sequence (11) and contains HRE 2 as well as HRE 4,
but it lacks two adjacent HREs that fit the consensus with only
one base deviation. The class II earlyAlu subfamily represents
the majority of Alu repeats (estimated relative number of
437,000 copies, based on an estimate of 750,000 total copies;
ref. 9). An excellent HRE 3 appears in this subclass, separated
from HRE 4 by 2 bp, resulting in one potential DR2 binding
site. HRE 2 and HRE 3 remain separated by 4 bp, as in the
class IAlu and the 7SL sequence. However, in the more recent
Alu classes, III and IV, a 2-bp deletion between HRE 2 and 3
changed the spacing from 4 to 2 bp, such that there are three
direct repeat HREs with a 2-bp spacing (DR2), representing
two potential dimer sites, HRE 23 and HRE 34. Certain Alu
elements within this recent family, such as the K18-associated
Alu, also contain HRE 1 (present in 7SL30.1 but not class IAlu
sequences), resulting in four HRE arranged as DR2, repre-
senting three potential dimer sites, HRE 12, 23, and 34. Thus,
the majority ofAlu elements (class II, relative copy number
437,000; ref. 9) contain two adjacent HREs making up one
potential DR2 receptor binding site, whereas the more evo-
lutionarily recent Alu subfamilies (classes III and IV, relative
copy number 136,000; ref. 9) have at least three HREs,
making up two DR2 sites.
The Alu HREs Constitute Functional Binding Sites for

RARs. To determine if the K18Alu HREs represent functional
binding sites for RARs, gel shift assays were performed. Since
two adjacent HREs form a binding site for a receptor dimer,
double-stranded oligonucleotides were synthesized containing
the three possible combinations: HRE 12, HRE 23, and HRE
34 (Fig. 2A). The DNAs were end-labeled and incubated with
a mixture of bacterially synthesized RARs (RARa and
RXRa) (18). Both HRE 23 and HRE 34 bound receptors,
producing prominent retarded complexes (Fig. 2B, lanes 4 and
6), whereas HRE 12 produced no bound complex (lane 2). A
3-bp substitution in HRE 3 abolished binding to the dimer site
HRE 23 (lane 8). Similarly, a 3-bp substitution in HRE 4
essentially abolished binding to HRE 34 (lane 9). We conclude
from these results that HRE 23 and 34, but not HRE 12,
constitute functional binding sites for these receptors.

In separate experiments, gel shift experiments were per-
formed with either RAR or RXR alone, versus the mixture.
For both dimer sites HRE 23 and HRE 34, the mixture
produced 5- to 10-fold more bound complex than either
receptor alone (data not shown), indicating the heterodimer
binds much more effectively to these sites than either ho-
modimer.
The Alu HREs Function as a RA Response Element

(RARE), Increasing Transcription of a Reporter Gene in
Transfected CV-1 Cells. To determine if the Alu HREs
function as a RARE, reporter constructs were generated
consisting of the bacterial chloramphenicol acetyltransferase
(CAT) gene fused to the K18 proximal promoter (17), in the
absence (XKCAT) or presence (AluXKCAT) of the upstream
Alu element (Fig. 3A). The orientation and position of thisAlu
element is the same as that preceding the native K18 gene. To
separate the effect of the HREs from other potential regula-
tory elements in the Alu sequence, a 10-bp mutation was
introduced, which abolished the HRE 3 motif, which should
eliminate binding to both HRE 23 and HRE 34 (construct
MutHRE3). As a second control, to determine the effect of
Alu gene transcription on CAT gene expression, we tested a
construct having mutations in the B box promoter, which were
previously shown to abolish transcription by pol III (7) (con-
struct MutBBox). These several reporters were tested by
transient transfection in CV-1 cells, in the presence or absence
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FIG. 2. RARs bind to theAlu HREs. (A) The sequence of the four
potential HRE half sites present in the K18 Alu is shown at top.
Double-stranded oligonucleotides (top strand shown) containing
HRE 12, 23, or 34 and two mutant HREs were synthesized. Mutant
HRE 23 contained a 3-bp substitution (lowercase letters, underlined)
in HRE 3, whereas mutant HRE 34 had a 3-bp substitution in HRE
4. (B) Electrophoretic mobility shift assays show binding by RARs to
Alu HRE sequences. The double-stranded oligonucleotides were
radiolabeled by filling in 3-bp overhangs using the Klenow fragment of
DNA polymerase I and [32P]dCTP and purified by elution from 5%
polyacrylamide gels. RARa and RXRa were synthesized in bacteria
as glutathione S-transferase fusion proteins (18) and purified by
glutathione-affinity chromatography. A mixture of the two proteins
(-50 ng of each) was incubated with equivalent counts (10,000 cpm,
2-4 ng) of each labeled HRE DR2 element for 30 min at 22°C in a
reaction volume of 15 ,ul containing 10 mM Tris-HCl (pH 7.8), 100mM
KCl, 10% (vol/vol) glycerol, 5 mM MgCl2, 1 mM dithiothreitol, and
2 ,g of poly(dI-dC). The protein/DNA mixtures were then electro-
phoresed in a nondenaturing 5% polyacrylamide gel for 2 hr at 4°C at
200 V in 0.5x TBE (1 x is 0.089 M Tris borate, 0.089 M boric acid, and
0.002 M EDTA). The gel was dried and exposed to film. An autora-
diograph is shown. The labeled DNAs (indicated at bottom) were
electrophoresed in the absence (-) or presence (+) of receptors. The
arrow indicates the position of the receptor-DNA complex.

of cotransfected constructs expressing RARa and RXRa (19)
(Fig. 3B). In the presence of cotransfected receptors and 1 ,uM
all-trans-RA, the upstream Alu increased CAT expression by
-35-fold over the level produced by the proximal K18 pro-
moter alone (Fig. 3B, set II, lanes 1 and 2). The mutation of
HRE 3 abolished most of this enhancer effect, indicating that
HRE 23 and/or HRE 34 are required (lane 3). In contrast,
mutation of the B box promoter (and HRE 4) resulted in less
than a 2-fold decrease in CAT expression (lane 4), demon-
strating that transcription of the Alu gene is not required for
enhancer activity. Transactivation of the CAT gene required
cotransfection with vectors expressing RAR and RXR, as well
as the presence of all-trans-RA; when receptor constructs were
cotransfected in the absence of RA, the Alu enhanced CAT
expression by no more than 2-fold (Fig. 3B, set I, lanes 1 and
2). Similarly, in the presence of RA, but the absence of
cotransfected receptors, the enhancement was <2-fold (set III,
lanes 1 and 2).
The sequence changes that eliminate HRE 3 in mutant

construct MutHRE3 are immediately adjacent to the B box
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FIG. 3. The Alu RARE enhances transcription of a CAT reporter
gene in transfected CV-1 cells. (A) Schematic representation of
reporter constructs. The basal reporter is the previously described
XKCATspA, which has upstream sequences from the K18 gene (-251
to +43) fused to the CAT gene (construct 1) (7, 17, 23). Construct 2
(AluXKCAT) has additional K18 upstream sequences (-761 to +43)
including the proximal Alu gene oriented opposite to the CAT gene.
TheAlu HREs are centered 400 bp upstream of the K18 transcription
initiation site. Construct 3 is identical except for a 10-bp mutation,
which eliminates HRE 3 and changes the last base pair in HRE 2 (X).
Construct 4 contains mutations that render the B box promoter
nonfunctional (7) and also changes the final base pair in HRE 4 and
the spacing between HRE 3 and 4 from 2 bp to 1 bp. (B) Transient
transfection assays. CV1 cells were plated at a density of 105 cells per
35-mm well (Falcon) 24 hr prior to transfection by a modified calcium
phosphate precipitation method according to a protocol described
previously (18). The CAT reporter constructs 1-4 are indicated below
each lane (4 ,ug of plasmid DNA per 35-mm2 well). In sets I and II, 400
ng of-pECE-RARa and 100 ng of pECE-RXRa expression vectors
(18, 19) were cotransfected along with the CAT reporters. In sets II
and III, RA'(1 ,uM all-trans-RA) was added to the medium for 24 hr
prior to harvest. Cell lysates were prepared and normalized according
to protein concentration. Reference plasmids containing the ,B-galac-
tosidase gene were not used since these have been found to interfere
with expression of the Alu RARE-CAT reporters. CAT activity was
quantitated by a phase-extraction assay (18). The representative data
shown are an average of results from three separate experiments.

promoter. It was therefore important to determine if this
mutation might inadvertently increase the transcriptional ca-
pability of theAlu gene, since transcription of a pol III gene has
been found to repress nearby pol II gene expression in yeast
(24). To compare the transcriptional capability of this HRE 3
mutant to the nativeAlu gene, the constructs were transfected
into mouse F9 embryonal carcinoma cells, which lack endog-
enous Alu repeats, and the relative amounts ofAlu transcrip-
tion were determined by RNase protection assays (Fig. 4).
Mutation of FIRE 3 was found to have no effect on Alu
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FIG. 4. Mutation of HRE 3 does not affect transcription of theAlu
gene. Constructs 2-4 (as in Fig. 3A) containing the'Alu gene, the Alu
gene with the mutated HRE 3, or the Alu gene with mutated B box
were transfected into mouse F9 embryonal carcinoma cells, which lack
endogenous Alu sequences. RNA was isolated and hybridized to an in
vitro-synthesized radiolabeled probe extending from an Xho I site 90
bp 5' of the Alu initiation site to a Pst I site internal to the Alu
transcribed region, 245 bp after the initiation site (7). The hybrids were
digested with RNase Ti, as described (7), and resolved by electro-
phoresis in 5% polyacrylamide gels containing 8 M urea and 0.5x
TBE. An autoradiograph is shown with sizes determined by compar-

ison with markers. The schematic below indicates the predicted sizes
of the protected fragments for the three constructs. The native Alu
transcript protects a 245-nt region of the probe. The transcript of the
mutant HRE 3 has a non-base-paired mismatch in the HRE region,
which reduces the size of the protected fragment to 165 nt but does not

reduce the amount of transcript. The mutated B box promoter

abolishes Alu transcription, as previously shown (7); no protected
fragment was observed.

transcription (lane 3), while mutation of the B box abolished
Alu transcription (lane 4), consistent with our earlier findings
(7). We conclude that the mutation of HRE 3 eliminates the
enhancer effect without affecting the transcriptional state of
the Alu gene.

In summary, these finidings indicate that the K18-associated
Alu contains a functional RARE. Dimer HRE sites (HRE 23
and HRE 34) bind RARs in gel shift assays and function as a

RARE in transfected CV-1 cells, increasing expression of a

CAT reporter gene by -35-fold. Mutation ofHRE 3, common
to dimer sites HRE 23 and HRE 34, essentially abolished
enhancer activity. Mutation of the B box promoter element
had relatively litile effect, indicating that transcription of the
Alu by RNA pol III is not essential for enhancer activity. The
highest degree of transactivation of the CAT gene required
cotransfection with vectors expressing RAR and RXR, as well as

the presence of all-trans-RA, consistent with the known func-
tion of RAR-RXR as a ligand-inducible transcription factor.
The number of Alu repeats containing RAREs in the

genome is not known. The findings here show that the con-

sensus sequence for evolutionary recentAlu classes III and IV,
with an estimated copy number of 136,000 (9), contains a

RARE. This consensus includes two receptor binding sites,

HRE 23 and HRE 34. The HRE 34 motif is also present in the
most abundant class ofAlu elements, class II, with an estimated
copy number of -437,000. The class II HRE 4 sequence is a
better match for the HRE consensus due to one base change
(Fig. 1B), suggesting that this class of Alu elements may also
contain a RAR binding site, which would significantly increase
the numbers of potentialAlu RAREs in the genome. Since the
consensus is thought to represent the parental source gene
sequence, individual Alu elements presumably contained
RAREs at the time of insertion, but random mutation events
occurring since insertion will have eliminated some sites.
Based on the 85-89% sequence identity between individual
Alu elements and the consensus (9), the HRE 23-HRE 34
region would be expected to deviate at approximately three
positions in any givenAlu element. However, since only one of
the two dimer sites needs to be retained for receptor binding,
it is likely that a significant portion of the class III-IV Alu
elements retains at least one functional binding site. Moreover,
biologically significant Alu RARE insertions would not be
subject to random mutation rates: If an Alu RARE conferred
RA inducibility to a pol II gene and the result was advanta-
geous to the organism, that RARE sequence would likely be
conserved.
The more relevant number may not be the proportion ofAlu

elements that currently retain functional RAREs but, rather,
the number of Alu elements that had RAREs at the time of
insertion. Hypothetically, some fraction of Alu RAREs will
have had immediate effects on expression of nearby pol II
genes. Alu RARE insertions that resulted in altered gene
expression with significant biological consequences will likely
have been selected for or against within a few million years,
before sufficient time had elapsed to allow random mutations
to eliminate the RARE. If so, the sequence of the Alu at the
time of insertion will determine its primary biological effects.
Assuming the consensus sequences represent the source gene
sequences, all of the class III-IV Alu elements will have had
RAREs at the time of insertion.
The random insertion of Alu RAREs throughout the pri-

mate genome seems hazardous, suggesting mechanisms exist
to restrict the function of deleterious RARE insertions. Most
significantly, the majority of Alu elements are presumed to
have inserted into transcriptionally inert, heterochromatic
regions of the genome where a RARE would have no effect.
Relatively few Alu elements would have inserted near enough
to a pol II promoter to function as a RARE. Nevertheless,
during the preceding 30-60 million years of primate evolution,
many Alu elements are likely to have inserted near genes for
which a proximal RARE was deleterious. Such insertion
events would presumably be selected against and thus deleted
from the gene pool. Conversely, some fraction ofAlu elements
probably inserted near genes for which RA inducibility was
advantageous; the K18 gene is a likely example. Individuals
carrying these insertions would be retained in the gene pool.
Of the Alu RAREs that are currently in the genome, most
probably have a neutral effect, and some fraction probably
confers a selective advantage.
The coincidence of the B box promoter and HRE 4 suggests

another potential regulatory mechanism in which a RAR
competes with abundant pol III transcription factors for
binding to the HRE region. The B box is bound by the pol III
transcription factor TFIIIC, a 500-kDa complex that would
effectively block binding by RAR to the several HREs.
Interestingly, RA treatment of F9 embryonal carcinoma cells
results in a sharp decrease in the amount of pol III transcrip-
tion factors (25) while inducing the expression of some RARs,
conditions favoring RAR binding to available Alu RAREs.
RAR and the pol III factors could have antagonistic effects,
considering the recent finding that active transcription of a pol
III gene can inhibit nearby pol II gene expression (24). Alu
RARE function might also be negatively regulated through
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binding by the orphan receptor COUP, which recognizes
AGGTCA (HRE 3) and competes for binding by positive-
acting RARs (19). Moreover, cell-type-specific factors exist
that influence the ability of RAR to bind and transactivate
through particular RAREs (26). Finally, Alu sequences con-
tain one or more negative regulatory elements, distinct from
the HRE region, which can inhibit transcription of a nearby pol
II reporter gene (27, 28) and could moderate the RARE effect.
The existence of thousands ofRAR binding sites withinAlu

repeats might be expected to deplete soluble receptors and
thus interfere with function. However, most Alu elements are
thought to be sequestered in inaccessible chromatin domains.
As evidence for this concept, the overall amount of Alu
transcription in vivo is far below that expected based on the
numbers ofAlu genes, even though individualAlu elements can
be transcribed in vitro using cell-free systems, suggesting the
chromatin state of most Alu elements in vivo blocks transcrip-
tional activity. As further evidence that most Alu repeats do
not function as free binding sites, the Alu sequences contain
pol III promoter elements, and yet the large number of Alu
repeats has no apparent effect on the availability of pol III
transcription factors.
Why didAlu source genes evolve RAREs? The source genes

are required to be transcriptionally active to provide RNA for
retroposon formation; thus, the embedded RAREs apparently
increase transcriptional capability for the source genes, al-
though there is no evidence that RARs directly activateAlu or
any other pol III genes. Alternatively, the acquisition of a
RARE could indirectly enhance source gene transcription by
increasing the probability that a nearby pol II gene will be
transcriptionally active. This could promote the assembly of an
active chromatin domain, which includes the nearby Alu
element, making it more accessible to the pol III transcrip-
tional machinery. In support of this concept, the transcrip-
tional activity of particularAlu elements has been linked to the
transcriptional activity of nearby genes (20, 29).
Other studies have suggested that expression ofAlu or other

interspersed repetitive sequences correlates with tissue-
specific expression of associated genes (30) or directly influ-
ences the expression of nearby genes (31, 32). Most specifically,
an Alu element within an intron of the T-cell-specific CD8a
gene functions as a T-cell-specific enhancer, having acquired
binding sites for several transcription factors present in T cells,
including GATA-3 and LyF-1 (5). As a second example, anAlu
upstream of a gene encoding a T-cell receptor subunit func-
tions as a transcriptional enhancer in T cells (and a repressor
in basophils) (6). In both cases, the relevant sequence changes
are outside the HRE region and probably appeared after
insertion of these particularAlu elements. In contrast, the Alu
RAREs are present in the consensus sequences, indicating
their presence in the Alu source genes. Since one or more
forms ofRARs are expressed in most cell types, the acquisition
of a RARE would be more likely to benefit a source gene than
a T-cell-specific enhancer, since the enhancer would need to
function in germ cells to give rise to heritable retroposons.

In conclusion, these findings indicate that the recent Aiu
consensus contains functional RAREs. Probable receptor
binding sites also exist within the most abundant class II Alu
repeats. Considering the large numbers of Alu repeats in the
primate genome, many genes are likely to have been affected
by the insertion of nearbyAlu RAREs at some time during the
preceding 30-60 million years. Accordingly, the random in-

sertion ofAlu RAREs is likely to have had important conse-
quences during the evolution of primates, generating genomic
plasticity by altering the levels of protein expression in re-
sponse to retinoids.'
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